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Abstract: I study the scalar representations of the electroweak group of the Standard 
Model, which is a subgroup of the chiral group U(N)l x U(N)r with N flavours, for N 
even, with a special emphasis on their chiral properties and on their behaviour by the 
Q_i! discrete symmetries P and CP. They exhaust the 2N 2 scalar and pseudoscalar degrees 

of freedom of the chiral group, for which a SU(2)l X U(l) renormalizable, anomaly-free 
gauge theory naturally springs out. It is shown to have a global diagonal SU(2)y symmetry 
independently of the value of the hypercharge coupling, which becomes local at the limit 
when the latter vanishes. When acting in the 4-dimensional space of states spanned by the 
special representations under scrutiny in this paper, the electric charge is one of the three 
generators of this "custodial" symmetry; that the latter stays an unbroken symmetry is 
thus correlated with the quantization of the electric charge. 
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1 Introduction. 



While scalar fields play a crucial and ambiguous role in the spontaneously broken gauge 
theory of electroweak processes |IJ, pseudoscalar and scalar mesons are traditionally at- 
tached to the chiral group of strong interactions 0]. However, the dominance of their 
electroweak interactions makes mandatory their description within the framework of a 
gauge theory too. This is achieved in this paper, which also re-unites within the same 
framework the fields at the origin of the breaking of the symmetry and the observed 
particles (mesons). 

I reduce the most general J = representations of the electroweak group to N 2 /2 quadru- 
plet representations. They can be classified according to their transformations by CP. 

The existence of a quadratic invariant for those representations enables to write of a 
SU(2)l x U(l) gauge invariant Lagrangian for J = mesons, which is renormalizable by 
power counting. It has furthermore a global diagonal SU(2)y symmetry, which becomes 
local at the limit g' — > 0, where g' is the hypercharge U(l) coupling constant. 

In the space of states spanned by these representations, the electric charge is one of 
the three generators of the latter "custodial" SU(2)v- Its quantization, as that of the 
third component of an angular momentum, is thus correlated with this SU{2)y being 
an exact symmetry of the model. It is to be related, from the point of view of electric- 
magnetic duality 0], to a recent paper by Cho and Maison j| uncovering dyon-type 
classical solutions in this model. 

Only briefs remarks concerning the phenomenology of observed electroweak eigenstates 
are made here. 



2 The chiral group U(N) L X U(N) R . 

A generator A of U(N)l x U(N)ji is a set of two N x N matrices (A^, A/j). A generator 
of a diagonal subgroup satisfies A^ = A^. 

Both left and right parts of the chiral group violate parity; hence it is natural to classify 
the J = fields according to their behaviour by the parity changing operator V, which 
transforms a scalar into a pseudoscalar and vice-versa; we shall accordingly consider the 
action of the chiral group on "P-even or "P-odd states. 

We define it by the actions of its left and right commuting subgroups. At the level of the 
algebra: 

(if 1 

Al . M Veven = J - Ai M Veven = - ([M Peven , A^] - {Mp e „ en , A^}) , 

^ L .M Vodd d = f +M Vodd A i L = ^([M Podd ,A} L } + {U Vodd ,^ L }), 

A)j . M Veven d = f + M Veven A* H = - ( [M Veven , Ay + {M Veven , A^}) , 

h? R .M Vodd = f -A^M Podd = i([M^,Ay-{M Podd ,Ay), (1) 

which is akin to left- and right- multiplying N x N matrices. 

From eqs. (|l|), we see that the diagonal U(N) group acts by commutation with the M 
matrices, whatever their behaviour by V\ the M's lie in the adjoint representation of this 
diagonal U(N). 
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At the level of the group, let Ul x IAr be a finite transformation of the chiral group; we 
have 

even 

= U L l M v 

even Ur, 

U l xU r . M Vodd = U R 1 M Podd U u (2) 

reminiscent of the group action in a cr-model [||] with a U{N)i x U {N)r group of symmetry. 
Note that "left" and "right" are swapped in the action on the V-odd scalars with respect 
to the P-even ones.. 

The expressions in terms of commutators ([ , ]) and anticommutators ({ , }) have been 
kept in eq. (|l|) for the reader to make an easy link with scalars as bound states of fermions 
(quarks). Indeed, the reader can easily recover the same expressions for the action of 
the chiral group by sandwiching the matrices M between a iV-vector of "quarks" in 
the fundamental representation of U(N), an its conjugate ^, and by introducing a 75 in 
the definition of all P pseudoscalar states. The "left" and "right" generators are then 
respectively given a (1 — 7s)/2 or a (l + 7s)/2 projectors when acting on the fermions, and 
the laws of transformations of the latter induce those of the mesons (see H |6| ) ; 
All group actions on J = fields written in this work can be uniquely and straightforwardly 
deduced from the action on fermions when the former are written as scalar or pseudoscalar 
diquark operators. 



3 The group SU(2) L x U(l). 

The group SU(2) lxU(1) of electroweak interactions has, as shown below, the fundamental 
property and advantage that, for N even, it is a subgroup of the chiral group U{N)l x 
U{N)r. Its generators can thus also be taken as N x N matrices. 

The generators of the "generic" SU(2), where "generic" means "aligned" with the chiral 
group, we take to be 





( I 





2-1 


v° 


—i 






I 









T" 









I 






(3) 



The I's in eq. (||) stand for N/2 x N/2 unit matrices (we require T = (T + )t, such that 
the unit matrices are chosen to have the same dimension). T + and T~ are respectively 
(T 1 + i T 2 ) and (T 1 — i T 2 ). A "left" generic SU{2) is defined accordingly. 

The U(l) of hypercharge, non-diagonal, but which commutes with SU(2)l is defined by 
its generator (Yl,Yr), with 
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I, 



where Q = (Ql, Qr) is the charge operator and I is the unit N x N matrix. 
The Gell-Mann-Nishijima relation 



Y = Q-T|, 



to be understood as 



nr 3 



Li 



o). 



(4) 

(5) 
(6) 
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is verified, for its left and right projections, by the definitions above when the charge 
operator Q is diagonal with 



(7) 



The "alignment" of the electroweak subgroup inside the chiral group is controlled by a 
unitary matrix, acting diagonally, with 



2/3 








-1/3 
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(8) 



where K is a N/2 x N /2 unitary matrix of rotation {?], ||. The "rotated" electroweak group 
is then the one with generators 

M)T R ; (9) 
In practice, this rotation only acts on the generators; explicitly, one has 
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the reader will recognize in eq. (|1C|) the usual SU(2)l generators of the Glashow-Salam- 
Weinberg model when acting on iV-vectors of quarks in the fundamental representation of 
U(N). 



4 Quadruplet scalar representations of SU(2)l X U(l). 



Because electroweak interactions violate parity, the representations of the corresponding 
group of symmetry mix states of different parities, 'scalars' and 'pseudoscalars'. The 
representations are of two types, V-even and V-odd, according to their transformation 
properties by the parity changing operator V already mentioned in section 

In the same way (see eq. (|l|)) as we wrote the action of the chiral group on scalar fields 
represented by N x N matrices M, we define the action of its SU(2)l subgroup, to which 
we add the action of the electric charge Q according to: 

Q.M = [M,Q]; (11) 

it acts by commutation because it is a diagonal operator (see section ||). 
We shall now build a very special type of representations of the "generic" SU(2)l x U(l) 
group defined in eqs. (HJ4|). We write them in the form (M°,M), where the M's are still 
NxN matrices; M stands for the sets of complex matrices {M 1 , M 2 , M 3 } or {M 3 ,M+,M~} 



with M+ 



W2, 



1 )IV2. 



Let us consider quadruplets of the form 
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(12) 
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where D is a real N/2 x N/2 matrix. 

The action of SU(2)l X U{1) on these quadruplets is defined by its action on each of the 
four components, as written in eqs. ([l|Jil]). It turns out that it can be rewritten in the 
form (the Latin indices i, j, k run from 1 to 3): 



V, 



Veven 



and 



11 L ■ M Vodd 



Veven ' 



+ &. 



■ j^Veven j ■ 



(13) 



^■Vodd 
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~2 



^Todd 



itpodd- 



). 



The charge operator acts indifferently on P-even and "P-odd matrices by: 



0. 



(14) 



(15) 



and the action of the U(l) generator Y follows from eq. (||). 

Still as a consequence of (|l|), the action of the "right" group SU(2)r is of the same form 
as displayed in eqs. ( [13| , |T4[ ) but with the signs in front of M°'s all swapped. 

We see that we deal now with 4-dimensional representations of SU(2)l x U(l), and which 
are also, by the above remark, representations of SU(2)r. In the basis of any such rep- 
resentation, the generators of the electroweak group can be rewritten as 4 x 4 matrices. 
This is also the case for the generators of the diagonal SU(2) (see section 0). 



!>t, and "anti- 



We shall restrict below to this type of representations (12). 

They decompose into "symmetric" representations, corresponding to D 
symmetric" ones for which D = — W. 

There are N/2(N/2+l) /2 independent real symmetric D matrices; hence, the sets of "even" 
and "odd" symmetric quadruplet representations of the type (|l~2| ) both have dimension 
iV/2(iV/2+l)/2. Similarly, the antisymmetric ones form two sets of dimension N/2(N/2 — 
l)/2. 

If (M°,M) is a representation of the "generic" SU{2) L xU(l) of eqs. (|,|), (]R^M R, E^MR) 
is a representation of the "rotated" group of eqs. (p|,[l0|); it is called hereafter a "rotated" 
representation. It writes explicitly: 
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Every representation above is a reducible representation of SU(2)l (or SU(2)r) and is 
the sum of two (complex) representations of spin 1/2. This makes it isomorphic to the 
standard scalar set of the Glashow-Salam- Weinberg model 

Now, if we consider the transformation properties by the diagonal SU(2), all MPs are (spin 
1) triplets, lying in the adjoint representation, while all M°'s are singlets. 



(16) 
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To ease the link with physics, let us make one more step in the reshuffling of our quadru- 
plets. By summing or subtracting the two representations, P-even and P-odd, correspond- 
ing to the same set of four M matrices, one can form two other representations; the action 



of SU(2)l rewrites, using eqs. (13,14): 



Voddl 



Veven + ^Vodd) 



"■Veven 



^■Vodd) I ■ 



''■Veven 



K Vodd)i 



(17) 
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L ■ V^Veven 
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Kodd) 



^Vodd) 



"Veven 



K Vodd 



+ Si 
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+ . 



^Podd) 



"Veven 



+ . 



K Vodd) 



(18) 



As usual, the action of SU(2)r is obtained from the one above by swapping the signs of 
all M°'s. 



It is convenient to rewrite 
and 



(M Peven + M Podd ) = S, 



(M Ve 



U-Vodd) 



eq. ( |i9|) corresponding to a scalar state S, and eq. (PQ) to a pseudoscalar state 
of those two new representations, the first is of the type 



and the second of the type 



(M°,M) = (S°,P) 



(M°,M) = (P°,§); 



(19) 

(20) 
Thus, 

(21) 

(22) 



both have scalar and pseudoscalar entries, each entry having a definite P quantum number 
(we attribute to scalars the parity P = +1 and to pseudoscalars the parity P = — 1). 
Among the "symmetric" (S°,P) representations lies the one corresponding to ID = I and 
which thus includes the scalar U(N) singlet: it is hereafter identified with the Higgs boson 
H and the corresponding representation with the usual scalar 4-plet of the Standard Model: 



(H, 




I 








I 




I 








-I 






K 





















(23) 

From now onwards, we shall work with the representations (^Tj) and (p2|). By hermitian 
conjugation a "symmetric" (M°,M) representation gives (M ,— M); an "antisymmet- 
ric" representation gives (— M ,M); the representations and ( p2|) are consequently 
representations of given CP (charge conjugation x parity): "symmetric" (8°,P)'s and 
"antisymmetric" (P°,S)'s are CP-even, while "symmetric" (P°,S)'s and "antisymmetric" 
(§°,P)'s are CP-odd. By multiplying a representation of a given CP by i, one obtains a 
representation with opposite C, and thus with opposite CP; they however correspond to 
the same Lagrangian (see eq. (p5j) below). 
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5 The SU(2)l X U(l) invariant Lagrangian for scalar fields. 



To every representation (^), in particular those of the form ( ^l| ) or (^), is associated a 
unique quadratic expression invariant by any SU(2)l x U(l) transformation: 



l°0M° + M®M; (24) 

the "®" product is a tensor product; it is not meant in the sense of the usual multiplication 
of matrices but in the sense of the product of fields as functions of space-time. M0M 
stands for ^ i=w M i ®M ! . 

The invariant I of eq. (24) is also invariant by SU(2)r. 



Once we have the action of the (gauge) group and a quadratic invariant, we can immedi- 
ately write a gauge invariant electroweak Lagrangian for the 2N 2 scalar and pseudoscalar 
fields. If we do not allow for scalar-pseudoscalar transitions, it includes a priori N 2 /2 in- 
dependent electroweak mass scales, one for each quadruplet (we thus exclude mass terms 
proportional to the second type of possible quadratic invariant, linking one quadruplet of 
the form @ with one of the form @: S° <g> P° + P <g> S.) 



Y - (£> M M^ ® Dm° n + D^Mn ® D^Mji - m 2 n (M%, ® + ® M R )) 



all reps 1Z 



(25) 



where the sum is extended to all representations (|21| ) and fl22|). 

in eq. ( p5|) is the covariant derivative with respect to SU(2)l x U(l): 

D^M a = c^M a - ig'Bp Y.M a - ig(W^) i T L M! x , (26) 

where g' and g are respectively the weak hypercharge and SU(2)l coupling constants, 
and and Wu the associated gauge fields. The explicit expressions for the covariant 
derivatives of the scalar fields can be found in eqs. (|34}) below. 

The link with a Lorentz scalar for the Lagrangian density above goes along the following 
simple lines: every matrix M in a quadruplet, describing an electroweak state, can be 
expanded on the basis of strong eigenstates, themselves N x N matrices; those are then 
replaced in C by the corresponding mesonic fields like ir + , K° . . ., and the tensor product 
by the usual multiplication of scalars. The obtained new Lagrangian density is now a 
Lorentz scalar. It is of course important that the kinetic terms can be diagonalized both 
in the electroweak and in the strong basis. Then, if they are all normalized to 1, the 
Lagrangian ( p5| ) has, at the limit g,g' — > 0, a global SU(2)r x SU(2)l symmetry which 
exists independently of the values of the masses m-ji. 

The three Goldstones <p, absorbed by the three gauge fields who become massive, are 
themselves linear combinations of "strong" eigenstates, as for example, in the case iV = 4, 
we get from (^) 

0+ = a [c e (7r + +D+) + s e (K + - D + )} , (27) 
where eg and sg are the cosine and sinus of the Cabibbo angle, and a a scaling factor 

— (28> 

((H) = -*j=), which has already been studied in JH ||; / is the leptonic decay constant 
supposed to be the same for all concerned mesons. The link with observed mesons was 



6 



shown in || Q to be as follows: 

- all matter fields, mesons, leptons and gauge fields have to be rescaled by the factor a; 
for example in the one-generation case 



(hJ) 

for the leptons 

and for the gauge field a^, (<r M = W^B^) 

°7' 



= a(H',TT); (29) 
= dipt, (30) 

= tw^; (31) 



- all coupling constants have to be rescaled by 1/a, generically for k = g,g' 

K = k'/cl. (32) 

The Lagrangian for all rescaled matter fields to be considered is then £' = C/a 2 , which 
yields the usual leptonic and semi-leptonic amplitudes for the pions tt to decay into 
"primed" leptons if)L as given by the "Partially Conserved Axial Current" hypothesis; 
the rescaled fields n ', ify, a' are considered to be the physical fields, which interact with 
the physical coupling constants k' . 

One avoids in this way the mass scale problem occurring in theories with dynamical sym- 
metry breaking and the necessity of introducing a new scale of interaction with associated 
super-heavy mesons, like in technicolour theories Pj. 

A point to be stressed here is that this Lagrangian includes only renormalizable couplings. 
We have in addition the freedom to add all biquadratic terms, which will automatically 
respect the local SU(2)l x U(l) symmetry. It is furthermore anomaly-free, no anomaly 
arising from scalar fields (H|. 

It has additional symmetry properties, to which we now turn. 



6 The SU(2)v "custodial" symmetry. 



The 4-dimensional representations (12) of SU(2)l x U(l) have already been mentioned 
to be representations of SU(2)r. They are thus naturally representations of the diagonal 
SU(2)v, that we study in more detail. 

When acting in the 4-dimensional vector space of which (12) form a basis, its generators 
T 3 , r ir' = ' = can be represented as 4 x 4 matrices T 3 ,T^; explicitly: 



/o 












o \ 

y/2 




V2 j 



T" 



/ 



\/2 

y o o o 



o ^ 

-V2 


) 



/ o \ 





\0 



-1 
1 



/ 

(33) 

That the first line in any of the three above matrices identically vanishes is the translation 
of the already mentioned fact that the first entry M° of the representations (|l^) are 
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singlets by the diagonal SU(2), while the three other entries M form a triplet in the 
adjoint representation. 

We show now that the whole Lagrangian (|25| ) has a global SU(2)y symmetry, when the 
gauge fields and Z^ = Z^/ cos6 w , with 6 W the Weinberg angle, transform like a 
vector in the adjoint representation of SU(2)y. This is not a surprise since those precisely 
absorb the <fi triplet of eq. (p3|), also in the adjoint, to become massive, when the gauge 
symmetry is broken down from SU(2)l x U(1)y to U(l) em . The normalization of the last 
one ensures that the resulting mass term for the gauge fields My V (2W^W )1 ~ + Z a Z^ /c^) 
satisfies p = 1, where p = M\y/(Mz cos 9 W ) is the Michel's parameter. We recover the 
well-known link between the custodial SU(2)y and the value of p |Q ]. 
For this purpose, let us explicitly write the covariant (with respect to SU(2)l X U(l)) 
derivatives of a quadruplet, and show that they transform like a singlet plus a triplet by 
the custodial SU(2). We do it explicitly for a "P-even quadruplet. 



D M° 

^ Uneven 
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M even 



DfM+en 
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A 3 

'"■even 
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- — W+M 
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+ w, 



Wf. 
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1+ 



even) ' 



1° 



1° _l_ jM s 

even ' even. 



'0 ■ e 

'■even * ^ 



jO 



I 3 ' 



veni 

+ i(Z n /c v 



= V,M- - — 



-w- 

2s,. W » 



1° 

"■even 



i—B„ 



^even) + ^' 



-B, 



"■even J 



i—B„ 



eveni 



(34) 



In eq. (^4|) above, we noted and s w respectively the cosine and sine of the Weinberg 
angle. is the photon, = (W* ± iW^)/y/2, and we have as usual 



— , a 

Sw 



e 



SwBjj,, A u 



c w B u + s w W*. 



(35) 



V n is the covariant derivative with respect to the diagonal SU(2)y group 

. e 



T>fjM = 8 u l 



,— (^(w+f- + w-t +) + ^T 3 ) 



(36) 



The normal derivative of M transforming like M itself, that D n MP is a singlet of SU(2)y 
is trivial as soon as, as stressed before, M is a triplet in the adjoint and (W~, Z n /c w ) too, 
since the scalar product of those two vectors is an invariant; 

that the three other covariant derivatives transform like a vector results from the three 
following facts: 
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from the 2 vectors M and (W^, Z^/cw) we can form a third one with the tensor 



/ MTW+ -M+W~, \ 

M 3 ^+-M+(Z /t /c w ), 
y M 3 W" -M-(Vc„); y 



(37) 



- M° being a singlet by S77(2)y, the terms M°W± transform like W± and thus like M ± , 
(Z At /c w )M° like (Z M /c w ) and thus like M 3 ; 

- -B^ is to be considered as a singlet of SU(2)y, such that the terms (.B^/c^M^ transform 
like M ± . 

The same argumentation works for "P-odd scalars. Their covariant derivatives are imme- 
diately obtained from eqs. ( |34|) above by changing the signs of all M°'s. 

This shows the existence of a global SU(2)y custodial symmetry for the Lagrangian (|2q), 
independently of the value of the hypercharge coupling g'. 

The starting global U(N)l x U(N)r symmetry of strong interactions is broken down to 
SU(2) R x SU{2) L by the N 2 /2 electroweak mass scales introduced in the Lagrangian (|25|) ; 
this symmetry is only (classically) exact when the coupling constants g, g' — * 0. When 
they are turned on, it is broken down to the custodial SU(2)y, electroweak interactions 
are themselves broken down to U(l) ern , but the custodial symmetry is preserved, at least 
classically. 

As all relevant 577(2) 's are the "rotated" ones, in particular, the custodial SU(2)y is not 
the strong isospin group 11]. 

After symmetry breaking, there exists a priori two SU{2)y mass scales for each quadru- 
plet: the first is that of the vector triplet, the second that of the singlet, like for example 
the Higgs boson. So, in this framework, and without adding more information (like com- 
positeness as has been done in ||]), there exists no link between the mass of the Higgs 
boson and that of the other gauge fields or J = mesons. 

Let us now examine whether this symmetry can be considered as a local symmetry. 
Making a space-time dependent SU{2)y transformation with parameters 9 on the scalar 
fields and transforming the vector fields W^, Z^/c-w like the corresponding gauge potentials 
(B^ being a singlet does not transform), ones finds from ( |34| ) that the Lagrangian fl2q ) 
varies, for each quadruplet, by 

AC = V^O. (M (8) D^M° -M°® D^M) , (38) 

such that the existence of a local custodial SU {2)y symmetry is linked to the conservation 
of the triplet of currents 

= 0, (39) 

with 

= M ® Z^M° - M° ® D^M. (40) 
is an S77(2)y triplet. Its "singlet" partner V® identically vanishes by the definition 
©• 

These currents are automatically covariantly (with respect to SU(2)i x U(l)) conserved 
by the classical equations of motion for the M fields, as can be seen from (^0|), which 
entails 

D^Vl = MP D 2 M° - M° ® D 2 M\ (41) 
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and from the Lagrangian (^) to which we can add any term quadratic in the invariants 
X for any quadruplet. 

Now, 

jyyi = v *yi _ ig'B^Q.V*, (42) 

where we have used the Gell-Mann-Nishijima relation and the fact that, since V® identi- 
cally vanishes, the "left" SU(2)l acts on like the diagonal SU(2)y. 

We can thus conclude that the custodial symmetry, which is a global symmetry, becomes 
local when the hypercharge coupling g' goes to zero. 

A vector-like local symmetry, having no anomaly, is preserved at the quantum level. At 
the limit g 1 — ► 0, the custodial SU(2)y symmetry is thus an exact local symmetry of the 
standard SU(2)l X U(l) Lagrangian ([25|) for J = fields, with gauge fields W^,Z^/c w . 

This is to be compared with non-linear cr-models built on a gauge group G/H, where 7i 
is the little group of the broken Q symmetry (for example Q = SU(2)l x SU(2)r and 
TL = SU(2)v), which possess a hidden Ti local symmetry p2|; however, there, the gauge 
fields are not dynamical; as these are non-renormalizable theories, some authors [O] argue 
that kinetic terms for the gauge fields are generated at higher orders in a loop expansion, 
to treat these fields as dynamical, with the possible outcome of new physics. It appears 
that, in our approach, which is renormalizable, no new gauge field springs out in the 
problem. 

The presence of this exact custodial symmetry entails, in particular, that all corrections to 
p = 1 for the Michel's parameter should vanish with g' when one computes the quantum 
corrections with the electroweak eigenstates displayed here, and not with quarks; the 
"screening" theorem 14] becomes exact in this limit, which is also that where = 
W?l, = and the three massive vector bosons become degenerate in mass. 



7 Quantization of the electric charge. 



In the same way as we wrote the SU{2)y generators as 4 x 4 matrices when acting in 
the 4-dimensional vector spaces spanned by our quadruplets, we can express the electric 
charge operator, which turns out to be 







\ 




0-10 
\ 1 J 



(43) 



By comparison with (|33]), we see that Q is identical with T 3 and that we have the com- 
mutation relation 

[f + ,f-] =2T 3 = 2 Q. (44) 

Q being an SU (2) generator, its eigenvalues, hence the electric charges of the representa- 
tions (|12"|), are quantized like those of the z component of an angular momentum if the 
custodial symmetry, that we exhibited at the classical level, stays an unbroken symmetry 
of the theory at the quantum level, as suggested by experimental results (see for example 

(©))■ 
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The J = 1 mesons naturally fit into triplets and singlets of both the electroweak SU(2)l 
gauge group, and of the custodial SU(2)y. The two groups act in the same way. This 
is easily seen in a "composite" picture where a vector meson is written as = ^fj^A^, 
where A is again a U(N) generator. The mechanism displayed above that leads to the 
quantization of the electric charge is consequently even simpler in this case than for the 
J = case. 

We expect the same mechanism also to operate in the sector of the gauge fields, due 
to their connection to the "Goldstones" <j) of the broken symmetry, that they absorb to 
become massive, 

This general result is to be related with a recent work by Cho and Maison [Q] claiming 
the existence of non trivial classical solutions of the dyon type in the Glashow-Weinberg- 
Salam model with one complex doublet of scalar fields. The point is that, after extracting 
the invariant Z of the (H, </>) quadruplet (^) , the gauge group acts on the remaining real 
degrees of freedom, living now in a compactified space CP 1 ; this yields a non-trivial topo- 
logical structure, at the origin of the existence of monopole-like solutions of the classical 
equations of motion, structure which was thought before to be only found in a pure SU(2) 
broken gauge theory with a triplet of gauge fields and another of scalars, both in the 
adjoint representation of the gauge group [jT6[| . The Standard Model could consequently 
appear as a candidate for a theory where the two possible known ways of having a quanti- 
zation of the electric charge, the presence of "monopoles" and the fact that the generator 
of the electric charge is one among the generators of a non-abelian simple group, are two 
aspects of the same phenomenon, called electric-magnetic duality Q, without having to 
invoke supersymmetry for technical reasons like non-renormalization theorems. If this is 
the case, then one expects the existence, in the same quantum theory, of a strongly-coupled 
'magnetic' sector, the particles of which being solitons or 'skyrmion'-like [|l7]] . 

8 Particles: a few brief remarks. 

Some phenomenological aspects have already been tackled in [||, where the J = mesons 
have been explicitly considered as composite. We recall that the latter approach is totally 
compatible with the present one, where fermions do not explicitly appear. So, the reader 
can refer to the above works to get more information about leptonic and semi-leptonic de- 
cays, the disappearance of anomalies etc. . . We shall only make here some general remarks 
guiding the connection with phenomenology. 

In the present work, the "standard" scalar 4-plet (or complex doublet) of the Glashow- 
Salam- Weinberg model is identified with the "symmetric" (S°,P) representation (pg|) in- 
cluding the scalar U(N) singlet, represented by the N x N unit matrix. The latter is a 
priori chosen as the only diagonal N x N matrix with a non vanishing trace, and so unam- 
biguously defined as the Higgs boson. It is the only field supposed to have a non-vanishing 
vacuum expectation value. 

Any linear combination of the representations (|2l]) and ( |22| ) also being a representation, 
only physical observation can guide us towards the determination of what are the observed 
electroweak eigenstates. Mixing matrices link physical states with the (rotated) represen- 
tations displayed above; they can a priori depend on new parameters, differing or not 
from the angles and phases characterizing, in the rotation matrix R , the alignment of the 
electroweak group inside the chiral group. Combining representations of both types (§°, P) 
and (P°,§) seems however not desired since it would mix states of different parities. 
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Any state produced by strong interactions is a combination of electroweak eigenstates, 
which evolve and decay according to the dynamics of electroweak interactions if no strong 
channel is allowed for the decay of the initial state. 

Only those representations of the (S°,P) type, and for which the scalar entry has a non- 
vanishing component on the Higgs boson, will undergo leptonic decays of their three 
(pseudoscalar) P entries; indeed, only for those representations will the kinetic term in 
the Lagrangian ( p5[ ) include a (H)a ,1 d^P coupling, where cr M is a gauge field; the direct 
coupling of the latter to leptons will trigger the leptonic decay of the pseudoscalar P. 
In the same way, we deduce that, by our hypotheses, scalar mesons never leptonically 
decay: by the action of the group, a scalar is connected either to a pseudoscalar, which 
is supposed to have a vanishing vacuum expectation value, or to another scalar; but the 
latter is always one with a vanishing vacuum expectation value since the Higgs boson can 
only be reached by acting with the group on a pseudoscalar. 

Semi-leptonic decays between states of the same parity can only occur between the mem- 
bers of the (diagonal) SU(2) triplet of a given quadruplet, since the gauge group only 
connects the entries of a given representation; indeed, the kinetic term includes couplings 
of the type ¥ia tJ, d fJ ¥'2, with the gauge field giving leptons as before. In particular, 
a (diagonal) SU(2) singlet like a P° or a S° never semi-leptonically decays into another 
meson of the same parity. 

The customary attribution of CP quantum numbers and the presence or not of semi- 
leptonic decays makes that the "short-lived" neutral kaon, which is not observed to decay 
semi-leptonically, is likely the SU(2) "singlet" of an "antisymmetric" (P°,§) representa- 
tion (CP = +1), or of ix a "symmetric" (P°,§) representation, which has the same CP, 
while the neutral pion, if thought of as aligned with the corresponding "strong" eigen- 
state, and the "long-lived" kaon should a priori be looked for in "antisymmetric" (§°,P) 
representations (CP = —1). or in ix "symmetric" (§°,P) representations. The study of 
CP violation, in particular the decays of K mesons into two or three pions is worth a 
special study, which we postpone to a separate work. 

9 Conclusion. Outlook. 

Because difficult steps, necessary to go from fundamental fields in the Lagrangian, like 
quarks, to observed physics are not yet mastered and the formidable problem of confine- 
ment unsolved, we thought that the goal of building a renormalizable gauge theory for the 
interactions of observed particles like mesons was worth considering. 

The custodial symmetry that we exhibited in this model is linked to the quantization 
of the electric charge, phenomenon usually looked for in unified theories based on a non- 
abelian simple gauge group like SU(5) |jDj| , or in theories which possess non-trivial classical 
solutions with a magnetic charge. 

That both mechanisms for charge quantization might occur in the Glashow-Salam- Weinberg 
model with one (or several like here) complex doublet of scalars Q suggests a much richer 
content of the underlying quantum theory, with two different phases, the small-coupling 
( "electric" ) one corresponding to the usual action that we studied here, and another ( "mag- 
netic") one corresponding to a strongly-coupled sector, where fundamental particles would 
be of the soliton-type. It is natural to think, in agreement with the ideas pioneered by 
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Skyrme [17| and later developed by Witten 17], that this second sector could have some- 
thing to do with baryons, and/or in general with strong interactions of hadrons. This will 
be one of the directions of future works. 



Acknowledgments: it is a pleasure to thank my colleagues at LPTHE, specially O. Babelon, 
and G. Thompson for fruitful discussions and comments. 



13 



References 



[1] S. L. GLASHOW: Nucl. Phys. 22 (1961) 579; 

A. SALAM: in "Elementary Particle Theory: Relativistic Groups and Analyticity" 
(Nobel symposium No 8), edited by N. Svartholm (Almquist and Wiksell, Stockholm 
1968); 

S. WEINBERG: Phys. Rev. Lett. 19 (1961) 1224. 

[2] S. L. ABLER and R. F. BASHEN: "Current Algebra and Application to Particle 
Physics", (Benjamin, 1968); 

B. W. LEE: "Chiral Bynamics" , (Gordon Breach, 1912). 

[3] B. I. OLIVE: "Exact electromagnetic duality", invited talk at the Trieste Conference 
on Recent Bevelopments in Statistical Mechanics and Quantum Field Theory (April 
1995), preprint SWAT/94-95/81 (1995), and references therein. 

[4] Y. M. CEO and B. MAISON: "Monopoles in Weinberg- Salam Model", preprint 
SNUTP 95-99, fiep-th 960102% . 

[5] B. MACHET: "Some Aspects of Pion Physics in a Bynamically Broken Abelian 
Gauge Theory", Mod. Phys. Lett. A 9 (1994) 3053. 

[6] B. MACHET: "Comments on the Standard Model of Electroweak Interactions", Int. 
J. Mod. Phys. A 12 (1996) 29. 

[7] N. CABIBBO: Phys. Lett. 10 (1963) 513. 

[8] M. KOBAYASHI and T. MASKAWA: Prog. Theor. Phys. 49 (1913) 652. 

[9] L. SUSSKINB: Phys. Rev. B 20 (1919) 2619; 

S. WEINBERG: Phys. Rev. B 13 (1915) 914, ibidem B19 (1919) 1211. 

[10] S. L. ABLER: Phys. Rev. Ill (1969) 2426; 

J. S. BELL and R. JACKIW: Nuovo Cimento 60 (1969) 47; 
W. A. BARBEEN: Phys. Rev. 184 (1969) 1848. 

[11] P. SIKIVIE, L. SUSSKINB, M. VOLOSHIN and V. ZAKHAROV: Nucl. Phys. B 
173 (1980) 189. 

[12] A. P. BALACHANBRAN, A. STERN and G. TRAHERN: Phys. Rev. B 19 (1979) 
24 16. 

[13] R. CASALBUONI, S. BE CURTIS, B. BOMINICI and R. GATTO: Phys. Lett. 155 
B (1985), 95; Nucl. Phys. B 282 (1987) 235; 

N. BI BARTOLOMEO and R. GATTO: "Breaking Electroweak Symmetry Strongly", 
preprint UGVA-BPT 1994/04846, \hep-ph/940426\. 



[14] M. VELTMAN: Acta Phys. Pol. B8 (1977) 475; 

F. ANTONELLI, M. CONSOLI and O. PELLEGRINO: Nucl. Phys. B 183 (1981) 
195; 



14 



J. VAN DER BIJ and M. VELTMAN: Nucl. Phys. B 232 (1984) %05; 

J. VAN DER BIJ: Nucl. Phys. B 248 (1984) HU 

M. B. EINHORN and J. WUDKA: Phys. Rev. D 39 (1989) 2758. 

[15] W. HOLLIK: "Electroweak Theory", Lectures at the 5th Hellenic School and Work- 
shops on Elementary Particle Physics, Corfu (Greece) September 3-24 1 996, report 
KA-TP-4-1996, \hep-ph/ 9602381% and references therein. 

[16] see for example: 

R. RAJARAMAN: "Solitons and Instantons", (North-Holland, 1982). 

[17] T. H. R. SKYRME: Proc. Roy. Soc. A260 (1961) 127; 
E. WITTEN: Nucl. Phys. B 223 (1983) 422; ibidem 433; 

G. S. ATKINS, C. R. NAPPI and E. WITTEN: Nucl. Phys. B 228 (1983) 552. 
[18] H. GEORGI and S. L. GLASHOW: Phys. Rev. Lett. 33 (1974) 438. 



15 



